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Abstract

In this work, flake-shaped zinc oxide (ZnO) nanoparticles (NPs) labeled as (P3) are green synthesized using Azadirachta
indica fruit peel extract for antibacterial, supercapacitor, and photocatalytic applications. XRD pattern revealed the hexagonal
wurtzite crystalline structure of the green synthesized ZnO NPs while FTIR spectrum confirmed their surface-attached phy-
tochemicals coating. FE-SEM image demonstrated micro to nano-sized flake-shaped ZnO NPs with widths 116—145 nm and
lengths 215-398 nm. The surface area of synthesized ZnO NPs was obtained as 22.721 m?/g using Brunauer—-Emmett—Teller
(BET) analysis. Minimum inhibitory concentration (MIC) values of as-prepared ZnO NPs are determined as 140, 135, and
130 pg/mL against Escherichia coli, Pseudomonas aeruginosa, and both Staphylococcus aureus and Streptococcus pneumo-
niae, respectively. Moreover, as-synthesized ZnO NPs showed high specific capacitance and energy density values of 794.96
F/g and 22.34 Wh/kg at 5 mV/s, respectively. Furthermore, as-prepared ZnO NPs showed 88.53% and 83.08% photocatalytic
degradation for methylene blue and rhodamine B dye, respectively, after 240 min of sunlight exposure. In summary, green
synthesized flake-shaped ZnO NPs are promising candidates for antibacterial, supercapacitor, and photocatalytic applications.
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Introduction

Nowadays, metal oxide nanoparticles (MONPs)-based
nanotechnology has vastly increased, particularly in bio-
medical, water purification, supercapacitors, pharmaceu-
ticals, and sensors. Recently many biocompatible MONPs
have been synthesized by plant extracts rather than utiliz-
ing conventional techniques such as chemical-reduction
wet method, hydrothermal method, sol-gel, laser ablation,
ball milling, microwave-assisted, and many other meth-
ods. Various research articles are reported in the litera-
ture where green synthesized ZnO NPs have been studied
for their in vitro and in vivo cytotoxic activity. Among
various metal oxide nanoparticles (MONPs), zinc oxide
(ZnO) nanoparticles (NPs) have been widely explored in
biomedical (Saini et al. 2022a, b, c; Rabiee et al. 2022),
supercapacitor (Rani et al. 2020), UV-absorber (Becheri
et al. 2008), biosensor (Umar et al. 2009), photolumines-
cent (Madan et al. 2016), photocatalytic (Rokhsat and
Akhavan 2016; Khan et al. 2021; Saini et al. 2022a, b, c),
optoelectronic (Harun et al. 2017), and antibacterial (Jones
et al. 2008) applications because of their high chemical/
thermal stability (Bijanzad et al. 2015) and unique phys-
icochemical properties (Akhavan 2010).

Plant extract-mediated green synthesis of MONPs has
received a great deal of attention as different plant parts
consist of various phytochemicals (nimbin, nimbolinin,
nimbidol, nimbidin, gedunin, sodium nimbinate, querce-
tin, salannin, etc., have been reported in different parts of
neem tree) which can simultaneously act as reducing and
stabilizing agents. An essential limonoid called gedunin
is found predominantly in seeds and different ginera of
the Meliaceae family. Koumaglo et al reported that the
concentration of gedunin is maximum in the green fruit
epicarp compared to the ripened fruit (Koumaglo et al.
2004). Green synthesized nanoparticles are biocompatible
and exhibit less toxicity. Hence these biosynthesized ZnO
nanoparticles can be utilized for biomedical applications.
Besides, extracts of medicinal plants (such as Azadirachta
indica) consisting of phytochemicals have huge potential
to be used for several biomedical applications due to their
antimicrobial (i.e., antibiotics, antivirals, antifungals,
and antiparasitic), antitumor, antioxidant, anti-protozoal,
antiarthritic, antiseptic, antipyretic, anti-inflammatory,
anti-ulcer properties (Srivastava et al. 2020). Currently,
green synthesized ZnO NPs have been extensively studied
due to their synergic effects on antimicrobial (Moham-
madi-Aloucheh et al. 2018; Bala et al. 2015; Huang et al.
2008), antifungal (Noohpisheha et al. 2020), antidiabetic
(Rani et al. 2022a, b, c; Arvanag et al. 2019), antican-
cer (Rani et al. 2022a, b, c¢; Soltanian et al. 2021; Li
et al. 2021; Ray et al. 2019) and photocatalytic activities
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(Mashentseva et al. 2022) besides biocompatibility and
less toxicity (Visinescu et al. 2018). For example, Cas-
sia auriculata leaf extract-mediated biosynthesized ZnO
NPs have been explored to enhance antibacterial as well as
anticancer activities (Padalia et al. 2018). Likewise, Trifo-
lium pratense flower extract-mediated green synthesized
ZnO NPs have been investigated as antimicrobial agents
(Dobrucka and Dugaszewsk 2016). Similarly, Prashanth
et al. (2015) reported biosynthesis of ZnO NPs using aque-
ous fruit extracts of Punica granatum L. and Tamarindus
indica L. for antimicrobial applications.

In recent times, the development of highly efficient nano-
materials (NMs) based supercapacitors is in serious demand
to effectively replace the conventional dielectric materials-
based electrostatic capacitors of energy storage devices
(Handayani et al. 2022; Ehsani et al. 2022). MONPs (n-type
semiconductors) have shown great promise as supercapaci-
tors because of their large surface-to-volume ratio, high
energy density, and long cyclic life (Nagarani et al. 2022;
Sinha et al. 2022). Recently, ZnO NPs have been widely
investigated as supercapacitors due to their strong electro-
chemical activity and direct band gap of 3.37 eV (Yadav
et al. 2022a, b; Buldu-Akturk et al. 2022). Mohan et al.
have demonstrated a high specific capacitance of 133 F/g at
10 mV/s for Ni-doped ZnO NPs (Mohan et al. 2022). Neth-
aji and Kumar (2022) have also reported V ;Ag ;ZnO
nanorods with an enhanced specific capacitance of 2700.19
F/g at 5 mV/s. Similarly, Choubari et al. (2022) have
revealed a specific capacitance of 431 F/g for green synthe-
sized CeO,/ZnO nanocomposite. Likewise, Moghadam and
Seif (2022) have exhibited a specific capacitance of 523 F/g
at 10 mV/s for ZnO/CNT/Fe;0,/Ni foam nanocomposite.

In the last few decades, the photocatalytic dye degra-
dation approach has gained considerable attention for the
removal of toxic organic dyes present in industrial wastewa-
ter as it is facile, inexpensive, and eco-friendly compared to
various other techniques like activated carbon adsorption,
aerobic biodegradation, membrane filtration and adsorption,
liquid-liquid extraction (Yadav et al. 2022a, b). Among vari-
ous nanomaterials, MONPs with suitable band gap energy
have been widely investigated as photocatalysts for organic
dye degradation. For example, 89.88% degradation of meth-
ylene blue (MB) dye using NiO/Co;0, nanocomposite has
been reported under sunlight irradiation (Yadav et al. 2022a,
b). Analogously, 88.46% and 93.63% degradation of crystal
violet (CV) and MB dyes have been revealed under sunlight
exposure using NiO/Cr,0; nanocomposite (Yadav et al.
2022a, b). Likewise, ZnO NPs have been exploited as pho-
tocatalysts for 96%, 69%, and 48% degradation of malachite
green (MG), MB, and methyl orange (MO), respectively,
under ultraviolet light irradiation (Asha et al. 2022). Simi-
larly, ZnO/bentonite nanocomposite exhibited 95% photocat-
alytic degradation of MB dye (Golmohammadi et al. 2022).
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Though green synthesized ZnO NPs have been studied
extensively for various applications, but their antimicrobial,
supercapacitance, and photocatalytic effects are not explored
by any research group. In this work, we have reported
Azadirachta indica fruit peel extract-mediated green synthe-
sis of ZnO NPs and evaluated their potential as an antibacte-
rial agent, photocatalyst, and supercapacitor. The antibacte-
rial potential of phytochemicals coated green synthesized
ZnO NPs is investigated against Pseudomonas aeruginosa,
Escherichia coli, Staphylococcus aureus, and Streptococ-
cus pneumoniae while explaining possible mechanism for
the antibacterial activity. Moreover, photocatalytic activities
of as-synthesized ZnO NPs are examined for photocatalytic
degradation of MB and rhodamine B (RhB) dyes under sun-
light irradiation. Finally, their electrochemical performance
is investigated for enhanced supercapacitor application. Fur-
thermore, antimicrobial, electrochemical, and photocatalytic
dye degradation activities of as-synthesized ZnO NPs are
compared with reported green synthesized ZnO NPs.

Materials and methods
Materials

ZnS0,.7H,0 (Zinc sulfate heptahydrate), NaOH (Sodium
hydroxide), Methylene Blue, and Rhodamine B were pur-
chased from Central Drug House (P) Ltd—CDH, India.
KOH (Potassium hydroxide) was received from Avantor
Performance Materials India Limited. Commercialized ZnO
(CAS- 1314-13-2, EC- 215-222-5, purity-99.9%) and Nafion
(AR grade) were purchased from Sigma-Aldrich Co. 3050
Spruce Street, St. Louis, MO 63103 USA. All the chemicals
were analytical reagent grade.

Preparation of Azadirachta indica fruit peel extract

Azadirachta indica fruits were collected from the Depart-
ment of Chemistry, University of Delhi, New Delhi-110007,
India. Peels of these fruits were removed and washed with
double distilled water. The washed peels were dried in a
hot air oven for 2 h at 60 °C and then ground into powder.
Next, a 25% (w/v) aqueous solution of the peel powder was
prepared and then heated at 40 °C with continuous stirring
for half an hour. Finally, an aqueous solution of peel extract
was filtered through a Whatman paper.

Green synthesis of ZnO NPs

50 mL aqueous solution (0.2 M) of ZnSO,-7H,0 and
50 mL aqueous solution of NaOH (2.0 M) were taken in a
250 mL conical flask. 3 mL of freshly prepared 25% (w/v)
Azadirachta indica fruit peel extract was added into the flask

and magnetically stirred at room temperature for 30 min.
Then, the mixture solution was heated to 40 °C and kept at
that temperature for 2 h under constant stirring (400 rpm)
using a hot plate magnetic stirrer. Afterward, the result-
ing precipitates of NPs were washed with 90% alcohol
followed by centrifugation several times. One-half of the
washed NPs (P3) were suspended in double distilled water
and the remaining half was dried in an oven overnight at
40 °C and then ground to powder with a mortar and pestle.
The phytochemicals present in the fruit peel extract act as a
capping agent and reducing agent for the synthesis of zinc
oxide nanoparticles. A schematic diagram for the synthesis
of NPs (P3) using peel extract is shown in Fig. 1.

Characterization of green synthesized ZnO NPs

Absorption spectra of as-prepared NPs (P3) was meas-
ured using an advanced UV-Visible spectrophotometer
(Spectramax M2°) and surface-attached functional groups
were determined by Fourier transform infrared (FTIR)
spectroscopy. The crystal structure of the as-synthesized
NPs was determined from the powder X-ray diffraction
(PXRD) pattern obtained by the D8 Discover diffractom-
eter (1=0.1540 nm, 26 = 10°-80° with a scan rate 0.02° per
second). A fluorescence emission spectrum was measured
by a Carey eclipse instrument (Cary WinFLR software).
Morphology of as-prepared NPs was observed using a field
emission scanning electron microscope (FE-SEM, JSM-
7600F, JEOL Inc, Japan) while the elemental composition
was determined via in-built energy dispersive X-ray spec-
troscopy (EDS) of a scanning electron microscope (SEM,
JSM-6610LYV, JEOL Inc, Japan) at 20 kV accelerating volt-
age and 20-120 kX magnification at high vacuum. The zeta
potential and hydrodynamic size of as-synthesized ZnO
nanoparticles (P3) was determined via the dynamic light
scattering (DLS—nanoPartica SZ-100-Z, Horiba) technique.

Antibacterial studies

The antibacterial study of as-prepared NPs was performed
against the gram-positive bacteria (i.e., Streptococcus pneu-
moniae, Staphylococcus aureus) and gram-negative bacte-
ria (i.e., Pseudomonas aeruginosa and Escherichia coli)
via broth dilution method (Garcia 2010). A stock solution
(2 mg/mL) was prepared by dispersing as-prepared ZnO NPs
in pre-sterilized deionized water and then diluted solutions
of 0.2-200 pg/mL were added to test tubes containing dif-
ferent amounts of sterile Luria Bertani broth (Muniyan et al.
2017). Next 0.5 mL of overnight culture (0.5 McFarland tur-
bidity standards) of the target microbes was added to these
tubes aseptically and incubated at 37 °C for 24 h. The bacte-
rial cultures without any NPs suspension and the tubes with
only sterile media were retained as positive and negative
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Fig. 1 Schematic diagram representing the synthesis of zinc oxide nanoparticles (P3) using fruit peel extract of Azadirachta indica

controls, respectively. Antibacterial activity was determined
by recording the optical density of the inoculated broth at
the wavelength of 600 nm. MIC values were recorded as the
lowest concentration of the test sample inhibiting the growth
of the inoculated target microbes.

Electrochemical studies

Cyclic voltammetry (CV) study of as-synthesized NPs was
performed using an Electrochemical workstation (Model
K-Lyte 1.2) at different scan rates of 5, 10, 20, 30, 40, and
50 mV/s. We have used 2 M KOH as an electrolyte and a
three-electrode system including a modified Pt electrode (Pt
electrode with drop casted synthesized ZnO NPs), standard
calomel electrode, and Pt electrode as working, reference,
and counter electrodes, respectively, for the electrochemical
measurements. For the modification of the Pt electrode with
ZnO NPs, 0.1 g of ZnO NPs was added to 1 mL of water,
followed by the addition of a drop of 5% nafion solution as
a binder. Then this mixture was sonicated using the digital
ultrasonic cleaner (Khera, M/s Khera Instruments PVT. LTD.,
Model No. KI-108, India) for 30 min at 40 °C. After sonica-
tion, 3 pL of the mixture was drop casted (drop casted using
Finnpipette (Thermo Fisher Scientific Oy PO. Box 100, FIN-
01621 Vantaa, Finland) on Pt electrode and let dry at room
temperature to get the modified Nafion/ZnO/Pt electrode. A
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schematic diagram of the modified Nafion/ZnO/Pt electrode
is given in Fig. 2.

Photocatalytic studies

Photocatalytic degradation activity of as-prepared ZnO NPs is
evaluated using 50 mL (10 ppm) of MB and RhB separately
under sunlight irradiation. All the experiments were performed
between June 30, 2022, and July 5, 2022, at Miranda House,
University of Delhi, Delhi, India. All the reaction solutions
were stirred for 30 min under dark conditions to achieve the
adsorption—desorption equilibrium. First experiment was per-
formed by irradiating both organic dye solutions under sun-
light for 30 min without any photocatalyst. And, the second
experiment was performed by irradiating both organic dye
solutions under sunlight with 50 mg ZnO NPs (P3) photocata-
lyst in each dye solution (1 mg/mL). In the second experiment,
2 mL samples of dyes were collected at regular intervals up
to 240 min of sunlight exposure. The UV—-visible absorption
spectroscopy (Spectramax M2° UV-visible spectrophotom-
eter) was used to analyze these dye samples.
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Fig.3 a UV-Visible absorption spectrum of green synthesized ZnO NPs and b Tauc’plot (ahv)? versus hv (V) of green synthesized ZnO NPs

Results and discussions
UV-visible spectroscopy

Figure 3a depicts the UV-Visible spectrum of as-prepared
ZnO NPs. UV-Visible spectrum is recorded from 200 to
800 nm and the maximum absorption band (4,,,, (nm)) is
observed at 365 nm. The strong absorbance peak obtained
at 365 nm is due to surface plasmon resonance. A similar
absorbance peak value was reported by Vinayagam et al.
for the ZnO nanoparticles (Vinayagam et al. 2022). A rela-
tively similar value of 4, is reported by other research

groups for the plant extract-mediated green synthesized
ZnO NPs (Madan et al. 2016; Khara et al. 2018; Jayasee-
lan et al. 2012; Padalia and Chanda 2017; Vijayakumar
et al. 2015). The tauc plot is drawn using the UV—Visible
absorption spectrum data by applying the following tauc
equation (Eq. 1). The value of y is found to be 2 for the
direct and 2 for the indirect band, respectively.

1
(ahv)r = A(hv — E,) ()
where «a is the energy-dependent absorption coefficient,

is the Planck constant, v is the photon's frequency, E, is the
band gap energy, and A is a constant.

@ Springer



3692

Chemical Papers (2024) 78:3687-3704

The energy band gap (E,=2.35 eV) is determined from
the intercept of (ahv)? versus hv curve as shown in Fig. 3b.
Similar, E, value is reported for Azadirachta indica leaf
extract-mediated green synthesized ZnO NPs (Rani et al.
2022a, b, c).

Fluorescence spectroscopy

Figure 4a shows the fluorescence emission spectrum of as-
synthesized ZnO NPs in the range from 382 to 700 nm at an
excitation wavelength of 372 nm. The characteristics peaks
were observed at 423, 460, 486, and 518 nm confirming the
formation of pure ZnO nanoparticles. The peak at 423 nm
originated due to the formation of interstitial defects in Zn
while the peak at 460 nm and 486 nm emerged due to the
creation of oxygen vacancy defects. Further, the visible
luminescence peak at 518 nm (attributed to antisite defect)
associated with deep-level or trap state emission which is
originated due to the transition from the deep donor level
(by oxygen vacancies in ZnO) to the valence band. Similar
emission peaks are reported for ZnO nanoparticles synthe-
sized via different approaches (Irimpan et al. 2007; Djurisic¢
et al. 2004). For example, Madan et al. reported the emis-
sion peak at 501 nm at an excitation wavelength of 376 nm
(Madan et al. 2016).

300

Figure 4d depicts the emission spectra of commercialized
ZnO powder. The fluorescence spectrum has been recorded
using Carey eclipse instrument (Model No. G9800AA) from
382 to 700 nm at an excitation wavelength of 372 nm. The
emission spectrum of commercial ZnO NPs (Fig. 4d) shows
peaks at 422 nm and 498 nm corresponds to the character-
istics emission of due to its wide band gap and formation of
vacancy defects, respectively. There is no sharp peak found
in the region from 450 to 550 nm. Whereas, there are sharp
peaks at 460, 486, and 518 nm in the green synthesized ZnO
NPs. On comparing the emission spectra of green synthe-
sized ZnO NPs with the commercialized one, we have found
that the intensity of visible emission increases in the green
synthesized ZnO NPs.

Powder X-ray diffraction

Figure 4b shows the PXRD pattern of as-prepared ZnO
NPs. The peaks are observed at 260=31.72°, 34.42°,36.20°,
47.42°, 56.48°, 62.58°, 66.26°, 67.70°, 68.80°, 72.42° and
76.70° corresponding to the (hkl) planes (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004) and (202),
respectively. The obtained intensity of peaks and their cor-
responding (hkl) values show the hexagonal wurtzite crys-
talline structure of ZnO NPs. These 26 values have been
matched with the reported JCPDS No. 36-1451 (Ji et al.
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der X-ray Diffraction Pattern for green synthesized ZnO NPs, ¢ FTIR
spectrum of green synthesized ZnO NPs, d Emission spectrum of

@ Springer

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

50 60 70 80 Wavelength(nm)

2 Theta (degree)

commercialized ZnO NPs, e Powder X-ray Diffraction Pattern for
commercialized ZnO NPs, f FTIR spectrum of commercialized ZnO
NPs



Chemical Papers (2024) 78:3687-3704

3693

2016). Figure 4e displays the PXRD pattern of commercial
ZnO NPs. The peak positions (26 values) of commercialized
ZnO NPs are obtained same as-synthesized ZnO NPs (P3).
However, peak intensities for commercial ZnO NPs have
been investigated higher than the green synthesized ZnO
NPs (P3). The crystallite size of the commercial ZnO has
been calculated using the Scherrer equation (Eq. 2).

kA
B pcos@

@

where D is the crystallite size of synthesized material, 4 is
the X-ray wavelength (0.154 nm), k is the Scherrer constant
(0.9), p is the full width at the half maximum intensity of
diffraction peak (FWHM), and 0 is the Bragg angle of dif-
fraction peak. The calculated average crystallite size of com-
mercial ZnO is 33.972 nm. Whereas the size of the crystal-
lite of green synthesized ZnO NPs (P3) has been found less
than the commercial ZnO NPs.

Fourier transform infrared (FTIR) spectroscopy

Figure 4c shows the FTIR spectra of as-prepared ZnO NPs
recorded in the range of 500-4000 cm™!. Herein, bands at
634.46-773.31 cm™! are due to ~Zn—O- stretching vibration

of ZnO NPs, and bands between 773.31 and 3504.02 cm™!
are correlated to the functional groups of surface-attached
phytochemicals coating of biosynthesized ZnO NPs. These
functional groups are observed because of the phytochemi-
cals that are present in the extract of Azadirachta indica
fruit peels as derivatives of phenol (Thymol), monoter-
pene, trans-hydrate Sabineno, polyphenolic acids, and fla-
vonoids. Azadirachtin, an important tetranortriterpenoid
is a commercialized biopesticide (Kilani-Morakchi et al.
2021). The bands at 838.88-889.02 cm™! are associated
with the stretching vibration of carbonate species while
bands at 1093.44, 1141.65, 1174.43, and 1378.85 cm™!
are related to the aromatic -C—H bond. In addition, bands
at 1432.85-1504.20 cm™" and 3399.88-3504.02 cm™" are
due to —-C-O bond and H,0 or —O-H stretching vibration,
respectively. Our FTIR analysis is in good agreement with
reported FTIR data for green synthesized ZnO NPs (Umar
et al. 2009; Ramesh et al. 2015; Basri et al. 2020). Fig-
ure 4(f) depicts the FTIR spectra of commercial ZnO NPs
recorded in the range of 500—4000 cm™!. It is clear from this
FTIR spectrum that there is little difference in the corre-
sponding vibration band positions as well as their intensities
of commercial ZnO NPs and as-synthesized ZnO NPs. This
difference is found because of the use of different precursors
(stabilizing/capping & reducing agents) in their synthesis.
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FE-SEM/EDS and DLS

Figure 5a depicts the FE-SEM image of as-synthesized
ZnO NPs which are found to be flake-shaped with
116-145 nm width and 215-398 nm length. It can be
seen that as-prepared ZnO NPs are flake-shaped (micro
to nano-sized) and agglomerated due to interlinking sur-
face-attached functional groups of phytochemicals (as
confirmed by FTIR) which played a key role to control
the morphology of green synthesized NPs. Our FE-SEM
results are relatively similar to the reported biosynthesized
73-123 nm ZnO NPs by Basri et al. (2020). The histo-
gram shown in Fig. 5b depicted the average particle size
of the synthesized ZnO NPs. The average size is found to
be 39.46 nm using ImagelJ software. Figure 5c shows the
EDS analysis of green synthesized ZnO NPs and the cor-
responding elemental composition is given in Table 1. The
atomic percentage of zinc (Zn) and oxygen (O) atoms are
determined as 43.2% and 56.8%, respectively. The higher
atomic % of oxygen (O) atoms could lead to the formation
of unstable ZnO, nanoparticles. Jannesari et al. (2023)
also demonstrated the formation of reduced graphene
oxide (rGO)/ZnO,—~Ag) nanoframeworks and their appli-
cation for antibacterial activity. The zeta potential plot of
green synthesized ZnO nanoparticles (P3) dispersed in an
aqueous suspension is shown in Fig. 5d. The zeta poten-
tial value of —28.63 mV confirms colloidal stability as
similar to the reported zeta potential value of —28 mV
for ZnO nanoparticles/carbon nanodots hybrid composites
(Hamed et al. 2023). Figure 5e indicated the DLS plot for
the hydrodynamic size (Dy,) of the green synthesized ZnO
(P3) nanoparticles suspended in an aqueous media. It can
be seen that D, of the as-prepared ZnO NPs (497 nm) is
relatively larger than their corresponding FE-SEM size.
This could be due to (1) the presence of a hydration layer
around the ZnO NPs via interactions between the func-
tional groups of the surface-attached phytochemical coat-
ing molecules (as confirmed by FTIR) and surrounding
water molecules (2) the formation of small aggregates of
flake-shaped ZnO NPs in their aqueous suspension (Maity
and Agrawal 2007; Kandasamy et al. 2019).

Table 1 Energy dispersive spectroscopy (EDS) analysis of green syn-
thesized ZnO NPs

Element Weight % Atomic % Net Int. Error %
OK 24.34 56.8 143.03 8.35
ZnK 75.66 432 244.47 2.35

*Weight % =weight percentage, Atomic % =atomic percentage, Net
Int. =Net intensity
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The N, adsorption/desorption (BET) isotherm of the ZnO
NPs (P3) is shown in Fig. 6. According to [UPAC, the syn-
thesized ZnO NPs (P3) exhibit a type IV adsorption/desorp-
tion isotherm (Liang et al. 2015). The synthesized ZnO NPs
(P3) show an adsorption/desorption hysteresis loop of type
H3. The H3 adsorption/desorption hysteresis loop reveals
that synthesized ZnO NPs (P3) are mesoporous (Yadav et al.
2023a, b, ¢). The synthesized ZnO NPs (P3) have a surface
area of 22.721 m?%/g. Whereas the surface area have been
calculated as 14.234 m*/g for B3 and 18.738 m?/g for the
S3 sample.

Antibacterial activities

Antibacterial activity of as-prepared ZnO NPs (P3) is per-
formed on Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, and Streptococcus pneumoniae
using broth dilution method and corresponding minimum
inhibitory concentration (MIC) values are given in Table 2.

Table 2 Minimum Inhibitory Concentration (MIC) of biosynthesized
ZnO nanoparticles (P3) for various bacterial pathogens

Isolates MIC
value (ug/
mL)
Escherichia coli 135
Pseudomonas aeruginosa 140
Staphylococcus aureus 130
Streptococcus pneumoniae 130
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The MIC values are determined as 140 ug/mL for Pseu-
domonas aeruginosa, 135 pg/mL for Escherichia coli, and
130 pg/mL for both Staphylococcus aureus and Strepto-
coccus pneumoniae. Higher MIC values for gram-negative
bacteria (Escherichia coli and Pseudomonas aeruginosa)
indicate that these microbes are more resistant than gram-
negative bacteria (Staphylococcus aureus and Streptococcus
pneumoniae). In other words, a higher concentration of as-
synthesized ZnO NPs is required to kill the gram-negative
bacteria than the gram-positive bacteria. Thus green syn-
thesized ZnO NPs are more effective against gram-positive
bacteria than gram-negative bacteria. Our results are in good
agreement with the reported antimicrobial activity of green
synthesized ZnO NPs with concentrations of 25-100 pg/mL
(Sana et al. 2020). Similar antibacterial study has also been
performed with green synthesized ZnO nanoparticles with
leaf extract of Azadirachta indica (Elumalai and Velmurugan
2015). Herein, the concentration of ZnO nanoparticles varies
in the range of 50-100 ug/mL. In this study, the antibacterial
activities increases because of increase in the concentration
of H,0, from the surface of ZnO nanoparticles.In our earlier
work, we synthesized ZnO nanoparticles (S3 and F1) using
seed extract and fruit extract of Azadirachta indica, respec-
tively, to study their antibacterial activity (Saini et al. 2022a,

b, ¢). As compared to S3 and F1, P3 exhibits better antibacte-
rial performance against Pseudomonas aeruginosa, whereas
against Escherichia coli it shows similar antibacterial activ-
ity to S3 (refer Table S1). Furthermore, compared to F1,
the antibacterial activity exhibited by P3 was more against
Staphylococcus aureus. Table 3 represents a comparison of
MIC values of as-synthesized ZnO NPs with reported ZnO-
based nanostructured materials which are synthesized using
different plant extracts and evaluated for their antibacterial
activities against various bacterial pathogens (Arvanag et al.
2019; Elumalai et al. 2015; Fouladi-Fard et al. 2022; Imade
et al. 2022; Subramanian et al. 2022; Velsankar et al. 2022;
Alotaibi et al. 2022). Akhavan et al. (2009) reported that
hydrothermally synthesized ZnO nanorod array exhibited
good photocatalytic degradation of E. coli bacteria.
Several reports on antibacterial mechanisms explained
the mechanistic pathways for antibacterial activ-
ity. For example, Akhavan and Ghaderi (Akhavan and
Ghaderi 2010) reported the antibacterial effect was due
to the direct interaction of the nanowalls of graphene
oxide with the cell membrane of the bacteria used in this
study. The sharper edges of the reduced graphene oxide
nanowalls permitted more contact interaction with the cell
membrane of the bacteria and resulted in higher toxicity.

Table 3 A comparison of reported ZnO-based nanostructured materials with as-synthesized ZnO nanoparticles for antibacterial activities

S.no. Nanoparticles Plant extract used for ~ Organism/MIC value References
biosynthesis

1 ZnO Murraya koenigii Staphylococcus aureus/25 ug/mL Elumalai et al. (2015)
Escherichia coli/50 ug/mL
Bacillus subtilis/100 ug/mL

2 ZnO Azadirachta indica Staphylococcus aureus/6.25 ug/mL Elumalai et al. (2015)
Escherichia coli/25 ug/mL
Bacillus subtilis/6.25 ug/mL

3 Ag/ZnO Crataegus monogyna  Staphylococcus aureus/200 ug/mL Fouladi-Fard et al. (2022)
Pseudomonas aeruginosa/200 ug/mL
Klebsiella pneumonia/50 ug/mL

4 ZnO Musa paradisiaca Bacillus cereus/100 ug/mL Staphylococcus aureus/100 ug/mL Imade et al. (2022)
Klebsiella pneumonia/100 ug/mL Salmonella enterica/100 ug/mL

5 ZnO Sargassum muticum  Acinetobacter baumannii/200 ug/mL Subramanian et al. (2022)
Pseudomonas stutzeri/200 ug/mL Bacillus flexus/200 ug/mL

6 ZnO Erythrina variegata Staphylococcus aureus/150 ug/mL Velsankar et al. (2022)
Bacillus subtilis/150 ug/mL
Salmonella typhi/150 ug/mL

Zn0O Gardenia thailandica ~ Pseudomonas aeruginosa/64 ug/mL Alotaibi et al. (2022)

8 ZnO Origanum majorana  Pseudomonas aeruginosa/l75 ug/mL Saini et al. (2022a, b, c)

Escherichia coli/125 ug/mL Staphylococcus aureus/100 ug/mL
Streptococcus pneumoniae/100 ug/mL

9 ZnO Azadirachta indica Klebsiella aerogenes150ug/mL Staphylococcus aureus/200 ug/mL ~ Madan et al. (2016)

10 ZnO Silybum marianum L Escherichia coli/0.4 mg/mL Arvanag et al. (2019)

11 ZnO Azadirachta indica Pseudomonas aeruginosa/140 ug/mL Present work

Escherichia coli/135 ug/mL
Streptococcus Pneumoniae/130 ug/mL
Staphylococcus aureus/130 ug/mL
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On the other hand, Prasanna and Vijayaraghavan (2015)
reported that the antibacterial activity shown by ZnO nan-
oparticles was due to ROS generation even in the dark.
It is also reported that aggregated graphene nanosheets
may capture and inactivate Escherichia coli bacteria by
encapsulating them (Akhavan et al. 2011). Likewise, Liu
et al. (2011) reported that the mechanism involved in the
antibacterial activity exhibited by graphene oxide was due
to both oxidative stress and membrane disruption of the
bacteria. Similarly, oxidative stress and DNA damage were
caused for the antibacterial activity demonstrated by ZnO
and TiO, nanoparticles (Kumar et al. 2011). In another
study, Wang et al. studied the antibacterial activity of the
Zn0/GO nanocomposites. Initially, the ZnO/GO nanocom-
posites wrapped the bacteria and caused bacterial damage
by increasing the localized zinc concentration (Wang et al.
2014). Jannesari et al. (2020) recently reported that the
generation of O, nanobubbles from graphene/CuO, nano-
composites was responsible for disrupting the bacterial
respiration process. Methanolic extracts of Azadirachta
indica (Neem) fruit mesocarp and epicarp have shown
antibacterial activity against the human pathogenic and
plant pathogenic isolates Acinetobacter johnsonii (gram-
positive), Agrobacterium tumefaciens, respectively (Ibra-
him et al 2022). This study was also done with Serratia
marcescens (gram-negative) bacteria. Growth inhibition
of these bacteria has been reported at the concentration
of 62.5 pg/mL for both extracts, Herein, the growth inhi-
bition increases significantly as the extract concentration
increases. The maximum inhibition in growth of these
bacteria has been obtained at the highest concentration
(1000 pg/mL). It is reported that fruit epicarp extract dis-
plays more antimicrobial activity against these three bac-
teria as compared to fruit mesocarp extract. A comparative
study has been performed with the amoxicillin antibiotics.
In this study, the extract of epicarp and mesocarp show the
highest antimicrobial activity against the Acinetobacter
johnsonii. The percentage growth inhibition of all tested
bacteria has been found more with fruit (peel: epicarp)
extract than with the amoxicillin antibiotic. Figure 7
depicts the plausible schematic mechanism for the anti-
bacterial activity demonstrated by metal oxide nanoparti-
cles. According to the literature survey, different kinds of
mechanisms are utilized by metal oxide nanoparticles that
function as antibacterial agents. In our previously pub-
lished paper, we reported the antibacterial activity of the
ZnO nanoparticles was due to the disruption of the bacte-
rial cell membrane/wall. These ZnO nanoparticles were
synthesized using leave extract of Nyctanthes arbor-tristis
plant (Rani et al. 2023). In the present research paper, one
type of bacteria (Staphylococcus aureus) out of the studied
bacteria and the composition of synthesized metal oxide
NPs (ZnO: P3) are the same, only the extract used in this
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Fig.7 Schematic plausible mechanism for antibacterial activity
exhibited by metal oxide nanoparticles a reactive oxygen species
(ROS) generation (Prasanna and Vijayaraghavan 2015) b formation
of M2* (Wang et al. 2014) ¢ attachment of metal oxide nanoparti-
cles onto the surface of bacteria (Rani et al. 2023) d formation of O,
nanobubbles (Jannesari et al. 2020)

synthesis is different. So the same mechanism, i.e., inter-
action of ZnO (P3) nanoparticles with the bacterial cells
might be taking place (disruption of cell membrane/wall).

Electrochemical activities

The cyclic voltammetry technique is used to determine the
electrochemical activity in the presence of 2 M KOH elec-
trolyte to evaluate the performance of green synthesized
NPs (P3) for supercapacitor application. Figure 8a shows
the cyclic voltammograms (i.e., CV curves) of as-synthe-
sized ZnO NPs electrode at different scan rates (5-50 mV/s)
and Fig. 8b presents the specific capacitance vs scan rates
graph. Specific capacitance (C,) and energy density (E) are
estimated using Egs. (3) and (4) as mentioned below (Yadav
et al. 2022a, b).

_

C =
mS(Vy = V)

S

3

_ 11000 (CS)(V)Z @)

~ 23600

where I (A) is the integrated current area, m (g) is the mass
of the electrode material, (V,—V,) and V (V) is the potential
window, S (mV/s) is the scan rate, C, (F/g) is the specific
capacitance and E (Wh/kg) is the energy density.
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Table 4 Estimated specific capacitance and energy density values of
as-synthesized ZnO NPs at different scan rates

S. no. Scan rate Specific capacitance Energy
(mV/s) (Flg) density (Wh/
kg)

1 5 794.96 22.3392
2 10 584.28 16.4185
3 20 366.43 10.2968
4 30 270.34 7.5967
5 40 218.03 6.1267
6 50 182.53 5.1291

The calculated specific capacitance and energy density
values of biosynthesized ZnO NPs at different scan rates
are given in Table 4. The highest specific capacitance value
of 794.96 F/g and energy density value of 22.3392 Wh/Kg
are observed at the lowest scan rate, i.e., 5 mV/s. Moreo-
ver, the specific capacitance value gradually decreases with
the increment of the scan rate from 5 to 50 mV/s (refer to
Fig. 6b). Thus, it reveals that an as-synthesized ZnO nano-
particles electrode has high storage efficiency at a lower scan

rate. A similar trend was reported with Ni-doped ZnO nano-
structure (Mohan et al. 2022). In our previously reported
work, ZnO nanoparticles (S3 and B3—synthesized using
seed and bark extract of Azadirachta indica) have shown
specific capacitance of 1.53 F/g and 1.27 F/g, respectively, at
the scan rate of 20 mV/s (Saini et al. 2022a, b, ¢). Hence, as-
prepared ZnO NPs (P3—synthesized using fruit peel extract
of Azadirachta indica) showed higher specific capacitance
value (366.43 F/g) than previously reported specific capaci-
tance value for S3 and B3 at the same scan rate of 20 mV/s
(refer Table S1). Because of the higher surface area (22.721
m?/g), the green synthesized ZnO nanoparticles (P3) show
a higher value of specific capacitance than the synthesized
ZnO nanoparticles (B3:14.234 m%/g; S3: 18.738 m?/g).
The plausible reason for this enhanced specific capaci-
tance of as-synthesized ZnO NPs electrode is its high
surface-to-volume ratio. The specific capacitance value
of ZnO NPs can be further enhanced by doping of metal/
metal oxides, carbon-based nanomaterials, conducting poly-
mers, etc. (Yadav et al. 2022a, b). Nethaji et al. reported
an enhanced specific capacitance of the V j;Ag 17Zn0O
electrode (2700.19 F/g) than the ZnO electrode (402.1 F/g)

Table5 A comparison of as-synthesized ZnO NPs with previously reported ZnO based nanostructured materials-based electrodes for superca-

pacitor applications

S.no. Electrode material Synthesis method Specific Scanrate References
capacitance ~ (mV/s)
(Flg)
1 Ni-doped ZnO nanoparticles Chemical co-precipitation method 133 10 Mohan et al. (2022)
2 V.07A80.07Zn0 nanocomposites One-step sol-gel method 2700.19 5 Nethaji and Kumar (2022)
3 ZnO nanoparticles One-step sol—gel method 402.1 5 Nethaji and Kumar (2022)
4 ZnO nanoparticles Biosynthesis method 6.32 20 Yadav et al. (2022a)
5 CeO,—Zn0O nanocomposite Biosynthesis method 431 5 Choubari et al. (2022)
6 ZnO/CNT/Fe;0,/Ni foam nanocomposites Chemical vapor deposition and 532 10 Moghadam and Seif (2022)
hydrothermal method
7 ZnO nanoparticles Biosynthesis method 535.71 20 Rani et al. (2020)
8 ZnO nanoparticles Biosynthesis method 794.96 5 This work

@ Springer



Chemical Papers (2024) 78:3687-3704

3698

Fig.9 a UV-visible spec- (a)

trum of MB dye after 30 min —
exposure to sunlight in the = 1.21

absence of ZnO NPs, b UV— G 0 mine 30 min
visible spectra of MB dye after S 0.81

exposure to sunlight at different _:E

time intervals in the presence 5 0.44

of as-synthesized ZnO NPs, ¢ 2

UV-visible spectrum of RhB < 0.0-

dye after 30 min exposure of
sunlight in absence of ZnO
NPs and d UV-visible spectra
of RhB dye after exposure of
sunlight at different time inter-
vals in presence of as-prepared
ZnO NPs. e C/C versus time
of sunlight irradiation plot for
photocatalytic degradation reac-
tions of MB and RhB dyes in
the presence of as-synthesized

| ¥

0 8' 0 min *» 30 min

Absorbance (a.u.)
(=]
-

200 400 600 800
Wavelength (nm)

~ 1.2{Emme
SR METTE —
MB+S = 0 min —= 240 min ——
S 0.81 120 min
g 180 min
S 240 min
g 0.4-
-s
< 0.0
1000 200 400 600 800 1000
Wavelength (nm)
(d)
T TT L
. 2 lominsiomn |
— = g 0.8- — 0 min
8 —— 60 min
% 120 min
~ 4 —— 180 min
-E 0'4 240 min
2
2 0.0

ZnO NPs and f photocatalytic
degradation kinetics of MB and
RhB dyes in the presence of
synthesized ZnO NPs

(e)1.0°
0.8

= 0.6
O 0.4
0.2

200 400 600 800 1000
Wavelength (nm)

200 400 600 800 1000
Wavelength (nm)

) 2.5;
—w —
. 2:01 Linear Fit (RhB)
~ 1.51 Linear Fit (MB)
Q«.
g 1.04
£ 0.5;
0.0

0 50 100 150 200 250
Time (min)

(Nethaji and Kumar 2022). Similarly, Buldu-Akturk et al.
(2022) have also reported enhanced electrochemical per-
formance of reduced graphene oxide/zinc oxide (rGO/ZnO)
hybrid nanocomposites than individual ZnO-based super-
capacitor electrodes. A comparative electrochemical study
of as-synthesized ZnO NPs electrode with recently reported
ZnO-based nanostructured materials is given in Table 5.

Photocatalytic activities

Figure 9 presents the UV—visible spectra of organic dyes
(i.e., MB and RhB) for photocatalytic degradation (due to
sunlight irradiation) in the absence or presence of as-synthe-
sized ZnO NPs (P3). Figure 9a and c shows the UV-visible
spectra for blank photocatalytic degradation reactions of MB
and RhB under 30 min exposure to sunlight, respectively.
There is no dye degradation in the absence of ZnO NPs
under sunlight irradiation because no visible decrease in 4,
values is observed for both the MB/RhB dyes. Figure 9b and
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d depicts the UV—-visible spectra for photocatalytic degrada-
tion reactions of MB and RhB under exposure to sunlight at
different time intervals in the presence of ZnO synthesized
NPs. It can be seen that there is a decrease in A, values
for both the MB/RhB dyes indicating the decrease in the
concentration of dyes due to the photocatalytic degradation
reaction in the presence of ZnO NPs under sunlight irradia-
tion. The photocatalytic degradation efficiency is calculated
using Eq. (5) (Yadav et al. 2022a, b).

l@] x 100

where C,, is the initial concentration of an organic dye and
C, is the concentration of a dye at different time intervals.
It is observed that 88.53% of MB dye and 83.08% of RhB
dye are degraded in the presence of as-synthesized ZnO NPs
(P3) after 240 min exposure to sunlight. Thus the photocata-
lytic degradation efficiency of the as-prepared ZnO NPs is

Efficiency % = (5
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found to be slightly higher for the MB dye than the RhB dye
under 240 min of sunlight irradiation. In our previous article
(Saini et al. 2022a, b, c), we reported 84.62% degradation
efficiency of methyl orange dye for ZnO nanoparticles (B3—
synthesized using bark extract of Azadirachta indica) under
180 min of UV-visible light irradiation (refer to Table S1).

Figure 9e shows C,/C versus time () of sunlight irradia-
tion plot for photocatalytic degradation reaction of both the
MB/RhB dyes in the presence of synthesized ZnO NPs. It
can be seen that the photocatalytic activity of as-synthesized
ZnO NPs is slightly higher for RhB than MB from the begin-
ning (#=0) up to 150 min of sunlight exposure. However, the
photocatalytic activity of as-synthesized ZnO NPs is found
to be slightly higher for MB than RhB above 150 min of
sunlight exposure toward the end of the degradation reaction
(=240 min). Overall, as-synthesized ZnO NPs have shown
relatively similar photocatalytic degradation behavior (i.e.,
concentration for dyes gradually decreases with sunlight
exposure time) for both MB and RhB dyes. Furthermore,
the kinetic studies of photocatalytic degradation of MB/RhB
dyes in the presence of the as-synthesized ZnO NPs are dis-
played in Fig. 9f. The following pseudo-first-order kinetics
Eq. (6) is used to calculate degradation rate constants for
the corresponding photocatalytic dye degradation reaction

2.0

(linear fitted straight lines indicate pseudo-first-order kinet-
ics) (Alotaibi et al. 2022).

1 S\ _ k
n<a>——t ©)

where C is the initial concentration of dye solutions, C, is
the concentration of dye solutions at time intervals ¢, 7 is the
time of sunlight exposure (min) and k is the rate constant
(min~h.

The photocatalytic degradation reactions rate constant
value is estimated as 0.0092 min~! and 0.0074 min~' for
MB and RhB, respectively, and thus as-synthesized ZnO
NPs showed a higher photodegradation rate for MB than
RhB under sunlight irradiation.

The UV-visible spectra of methylene blue (MB) and rho-
damine B (RhB) dyes during the reaction in the presence of
synthesized ZnO NPs (P3) under dark conditions are given
in Fig. 10a and b, respectively. It is observed that there is
no visible decrease in Amax values observed for both the
organic dyes and no dye degradation is detected for both of
the chosen organic dyes in the presence of synthesized ZnO
NPs (P3) under dark conditions. The reusability study of
synthesized ZnO nanoparticles for the degradation of MB
dye and RhB dye is given in Fig. 10c. Synthesized ZnO
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Fig. 10 a UV-visible spectrum of MB dye samples at different
time intervals in the presence of synthesized ZnO NPs under dark
conditions and b UV-visible spectrum of RhB dye samples at dif-
ferent time intervals in the presence of synthesized ZnO NPs under

dark conditions. ¢ Three cycles of photodegradation of MB dye and
RhB dyes using ZnO nanoparticles under sunlight irradiation. d The
plausible reaction mechanism for the photocatalytic degradation of
organic dyes in the presence of as-synthesized ZnO NPs
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nanoparticles degraded 88.53% of MB dye in the first cycle
and 86.34% degradation of MB dye was observed in the
third cycle. Also, synthesized ZnO nanoparticles degraded
83.08% of RhB dye in the first cycle and 80.38% degradation
of RhB dye was observed in the third cycle. It can be seen
that synthesized ZnO nanoparticles exhibited excellent reus-
ability for photocatalytic degradation of MB dye and RhB
under sunlight exposure for up to three cycles.

The probable reaction mechanism for the photocatalytic
degradation of organic dyes in the presence of as-synthe-
sized ZnO NPs is given in Fig. 10d. The plausible mecha-
nism for the photocatalytic degradation of organic dyes is
the formation of electron—hole pairs on the surface of ZnO
NPs under sunlight irradiation. Generally, the hole from
the valence band reacts with the H,O molecule to generate
OH™ anion and OH* radical. Also, the electron from the
conduction band reacts with O, to generate O,™* radical.
All the OH®, OH™, and O, * are highly reactive and react
with organic dye molecules adsorbed on the surface of syn-
thesized ZnO NPs to generate degradation products (Yadav
et al. 2022a, b).

Photocatalytic degradation behavior depends on the
size and morphology of nanoparticles-based photocata-
lysts. Generally, photocatalytic activity increases with a
decrease in the size of the nanoparticles due to an increase
in surface area as well as available surface active sites
which are mainly responsible for dye adsorption. In addi-
tion, the band gap of photocatalysts is also responsible for
photocatalytic degradation behavior. ZnO-based semicon-
ductor has some limitations for photocatalytic degradation
application because of their wider band gap (~3.37 eV)
which is responsible for the rapid recombination of elec-
tron—hole pair and absorption ability of only 5% of sun-
light radiation (only UV region> 380 nm) (Karthik et al.
2022). Herein, the band gap of biosynthesized ZnO NPs

is reduced to 2.35 eV to overcome the above problems and
thus as-synthesized ZnO NPs showed good photocatalytic
degradation activities against MB and RhB organic dyes
under sunlight irradiation. A comparative photocatalytic
organic dye degradation activity of as-synthesized ZnO
NPs with reported green synthesized ZnO nanomaterials
is provided in Table 6.

Conclusions

Flake-shaped ZnO NPs (P3) have been successfully pre-
pared via green synthesis using the fruit peel extract of
Azadirachta indica and then they are systematically evalu-
ated as antimicrobial agents, supercapacitors, and photocata-
lysts. As-synthesized ZnO NPs showed higher antimicro-
bial activity against the gram-positive microbes (as a lower
MIC value of 130 ug/mL determined for both Staphylococ-
cus aureus and Streptococcus pneumoniae) than the gram-
negative microbes (as a higher MIC value of 140 pg/mL
and 135 pg/mL observed for Pseudomonas aeruginosa and
Escherichia coli, respectively). Moreover, as-prepared ZnO
NPs showed high specific capacitance and energy density
values of 794.96 F/g and 22.3392 Wh/Kg, respectively, at
5 mV/s in 2 M KOH electrolyte and thus exhibited improved
electrochemical performance as supercapacitor electrode
material. Furthermore, as-synthesized ZnO NPs revealed
photocatalytic degradation of 88.53% and 83.08% for the
MB and RhB organic dyes, respectively, under 240 min of
sunlight irradiation. In conclusion, as-prepared green syn-
thesized flake-shaped ZnO NPs have great potential to be
used as antimicrobial agents, photocatalysts for organic
dye degradation, and electrode materials for supercapacitor
applications.

Table 6 A comparison of as-synthesized ZnO NPs with previously reported ZnO NPs based photocatalysts for organic dye degradation

S. no. Photocatalysts Plant extract used for Light Source/ Dye degradation efficiency References
biosynthesis time of irradia- %
tion
ZnO nanoparticles Piper longum UV light/250 min MB (69%) Asha et al. (2022)
ZnO/bentonite nanocom- Jujube fruits extract Sunlight/240 min MB (97%) Golmohammadi et al. (2022)

posite
Cu-doped-ZnO nanopar-

ticles
ZnO nanoparticles
ZnO nanoparticles

ZnO nanoparticles

ZnO nanoparticles

Synadenium grantii leaves
extract

Syzygium cumini leaves
extract

Alchemilla vulgaris leaves
extract

Acalypha indica leaves
extract

Azadirachta indica fruit
peels extract

UV light/75 min
Sunlight/180 min
UV light/120 min
Sunlight/90 min

Sunlight/240 min

MB (79%) and RhB (75%)
MB (91%)
RhB (75%)
MB (96%)

MB (88.53%) and RhB
(83.08%)

Imade et al. (2022)

Sadiq et al. (2021)
Rajendrachari et al. (2021)
Kamarajan et al. (2022)

This work
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